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Abstract: The effectiveness of shot peening is mainly determined by the peening coverage. The
peening coverage is required to be 100% for current technical standards of shot peening. With
the increase of material strength, higher peening coverage is required in shot peening process.
However, the influence of high peening coverage on Almen intensity and residual compressive stress
is unclear, the difficulty mainly lies in the lack of quantitative description of peening coverage in
finite element analysis. To analyze the influence of high peening coverage on Almen intensity and
residual compressive stress, firstly an approximate quantitative description of peening coverage
based on dent size, the distance of shots and shot numbers is proposed in this study. Based on this
quantitative description of peening coverage, the arc height and residual stress of the Almen test are
simulated with the finite element method. The simulation results of arc height and saturation curve
agree well with that of the Almen test, by which the effectiveness of the quantitative description and
FE simulation are proved. The further study indicates that in shot peening processes, the excessive
peening coverage doesn’t improve Almen intensity and residual compressive stress.

Keywords: shot peening; quantitative description of peening coverage; high peening coverage;
Almen intensity; residual compressive stress

1. Introduction

Shot peening is a mechanical surface treatment that induces a surface layer of residual compressive
stress (RCS). In the shot peening process, the surface of metal parts such as gears, springs, or turbine
blades is sprayed by numerous small round metal balls and RCS is generated on the surface. RCS
embedded in the surface plays a role in preventing the occurrence of cracks so that the fatigue strength
of the pinched parts is improved [1–4].

Engineers in charge of shot peening usually to conduct the Almen test before shot peening is
carried out [5]. In this test, a thin strip (dimensions of 76.2 mm × 18.9 mm with three commercially
available thicknesses: 0.79, 1.29, and 2.39 mm) is peened with the same peening conditions as the
actual parts of a given time period. The thin strip is called the “Almen strip” in the test. The Almen
strip then bents since RCS induced by the peening leads the Almen strip to deflect from the peening
direction [6]. The ejection of the balls is called impact, the balls are called shots. The maximum value of
deflection of the Almen strip is called the arc height. In the Almen test, with the impact time increasing,
the peening coverage increases and the arc height saturates. The value of the arc height at saturation of
Almen strip is referred to as “Almen intensity”.

In shot peening process, it is difficult to test the RCS. Therefore, Almen intensity has been used as
the standard for shot peening, which determines the shot peening parameters. Guechichi et.al. [7]
established a framework for predictive modeling of shot velocity. They found a relationship between
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Almen intensity and shot velocity. The effects of Almen intensity on microstructure and residual stress
were investigated experimentally [8,9]. Ahmed et.al. [10] investigated the influence of the shot peening
parameters on the hardness, residual stresses, and surface roughness. Jebahi et.al. [11] proposed a
comprehensive methodology to simulate a real shot peening process with minimal computation effort.
Atig et.al. [12] proposed a probabilistic methodology to evaluate the variability of the induced residual
stress and Almen intensity of the shot peening parameters. Based beam bending principles, Divid
et al. [13] quantify the relationship between the several parameters affecting measured Almen intensity.
Cao et al. [14] proposed an analytic model to study the correlation of the Almen intensity with RCS,
and compared the model-predictions with the measurements as a function of impact velocity, but
a new problem was raised in assessing and interpreting the Almen intensity scale. Guagliano [15]
performed a 3D finite element (FE) analysis to relate the Almen intensity with the terms of shot velocity,
but didn’t present a relation between the Almen intensity and RCS. Bhuvaraghan et al. [16] improved
FEM-based approach that simulates the actual process of Almen strip peening by employing randomly
located shots impacting on a part of Almen strip and the inclusion of strain-rate dependent target
material properties. Bhuvaraghan et al. [17] used the discrete element method in combination with the
finite element method to obtain reasonably accurate predictions of the residual stresses and plastic
strains. Hu et. al. [18] examined the influences of the dimension and shape on the residual stress with
3D random impact FE model. In general, there have not been deeper studies about the influence of
peening coverage on Almen intensity and RCS recently due to a lack of quantitative description of
peening coverage.

During the strip test or general shot peening test, numerous shots are arbitrarily bumped onto the
Almen strip or specimen surface in a random sequence and random locations [19–21]. Therefore, the
peening coverage is difficult to define in FE simulation of shot peening. Miao et al. [22] proposed a 3-D
finite element model that consists of some identical shots impacting randomly an aluminum target at
normal or oblique incidence angles. The random coordinate of each shot that satisfied 100% peening
coverage was generated from a MATLAB program combined with ANSYS program Design Language.
However, Miao et al.’s model, the minimum distance between all the existing shots was set to be 0.75
mm, which is arbitrary. The radius of all shots was 0.5 mm and the maximum number of shots used
for simulation was 96. Hence, Miao et al.’s model might apply to a unit cell-based 3-D finite element
analysis where an impact region to be discretized into a fine mesh is very small, e.g. 2 mm × 2 mm × 1
mm. Majzoobi et. al. [23] and Klemenz et. al. [24] extended Kubler et. al.’s [25] work by developing a
process map for random impact locations generation ensuring that no two shots occupies the same
space mathematically, and applied it to simulate the Almen strip response under random multiple
impacts. A slice of the Almen strip subjected to random multiple impacts was modeled. The radius
of the shot used as 0.1778 mm. However, the deflected profile of the Almen strip computed using
the FE model with random impact locations was not compared with the measured profile. Mylonas
and Labeas [26] proposed a methodology that minimizes a total number of shots, and hence makes it
possible practically to simulate the multiple shot impacts, which have statistics characteristics. They
showed that predetermined shot patterns (locations and sequence of the multiple shots) on a reference
area of 1 mm2 could predict RCS distribution, surface roughness, and cold work by comparing the
model-predictions with measurements. The previously mentioned methods demonstrate that the FE
model based on randomly located impacts showed a new possibility to achieve a realistic model of shot
peening. The relation of impact locations and sequence of shots has been investigated in these studies,
which establishes the foundation for a quantitative description of peening coverage in this paper.

In all, the influence of high peening coverage on Almen intensity and RCS has not been studied
in detail. The reason is that, in finite element analysis, it is difficult to describe the peening coverage
quantitatively. In this study, the boundary conditions of the FE simulation of the Almen test were set
up accord to reference [27]. By the definition of peening, peening coverage is the ratio of the area of
the dents to the zone of the peening, a quantitative description of the peening coverage is proposed.
The size of the peening zone is determined by the distance between two shots. After determining the
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size of the dent, the high peening coverage can be achieved by increasing the number of shots. This
quantitative description peening coverages used to the simulation results of arc height and saturation
curves are in accord with the Almen test results well. Therefore, the effectiveness of this quantitative
description and FE simulation is proved. To analyze the influence of peening coverage on Almen
intensity and residual compressive stress, further study is carried out. Through the discussion of the
FE simulation and Almen test results, some new conclusions are obtained.

2. A Quantitative Description of the Peening Coverage

In this section, the peening coverage is described quantitatively by analyzing the effect of the
distance between shots, dent size, and the number of shots on the peening coverage. Generally
speaking, peening coverage is defined as the percentage of a surface area indented. For shot peening,
the peening coverage is determined by three factors, (a) dent diameter, (b) the number of dents in each
unit area of the peening surface, and (c) the time of peening. In this study, ‘cycle’ is used to describe
the time of peening for FE simulation.

Before the peening coverage is described quantitatively, some assumptions should be put forward
about locations and sequence of shots impact. Firstly, the locations and sequence of the multiple shots
impacting is not generated randomly. Secondly, peening coverage depends on both dent size and the
number of dents generated on Almen strip surface in the unit area, rather than the impact sequence.
Thirdly, the locations of the multiple shots are defined in the same position and the shots impact one
by one.

With assumptions above, the process of shots impacting is analyzed. Figure 1 shows the Schematic
of dent size on Almen strip surface in 1-cycle, the second, fourth and fifth row of shots is omitted in
Figure 1 for convenience. In Figure 1a, the shot balls are adjacent to each other in the row and impact
Almen strip surface at the same time. The width of the shadow is defined as the size of each dent (Ds),
and the distance between the center of the shots is defined as Cd. Figure 1b–d shows the process of
dent expansion. In Figure 1d, peening coverage reaches 100%. This impact pattern, from the first to
the sixth row of shots, is called one ‘impact cycle’. The overlap of the dents is inevitable in the peening
process, however, with the reasonable distance between shots, there is little overlap when full peening
coverage is reached. Therefore, higher peening coverage could be got by the repetition of this cycle.
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Figure 1. Schematic of dent size on the surface of Almen strip in 1-cycle (100% peening coverage). (a) 
the first row impacts the Almen strip surface, (b) the dent position of the first-row impact, (c) the dent 
position of the third-row impact, (d) the dent position of the 1-cycle. 

With the analysis above, a quantitative description of peening coverage is proposed, and the 
peening coverage is computed by Equation (1). 
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Figure 1. Schematic of dent size on the surface of Almen strip in 1-cycle (100% peening coverage). (a)
the first row impacts the Almen strip surface, (b) the dent position of the first-row impact, (c) the dent
position of the third-row impact, (d) the dent position of the 1-cycle.



Appl. Sci. 2020, 10, 105 4 of 16

With the analysis above, a quantitative description of peening coverage is proposed, and the
peening coverage is computed by Equation (1).

Ro =
Ds ·Nl −Cd

Nl
×

1
Ds
× 100%, (1)

Nl = a ·
Cd
Ds

, (2)

where Ro is the peening coverage, Ds is dent size, Cd is the distance between the centers of shots; and Nl
defined in Equation (2) characterizes the number of dents between the centers of the shot. As shown in
Equation (2), the number of dents Nl is determined by Cd, Ds, and the coefficient of proportionality (a).
The coefficient of proportionality can be determined by the overlapping dents of the shot impacts [28].
The dent size is related to the size of the ball and the impact velocity. The horizontal distance between
the centers of shots (Cd) is twice the radius of the shots. The effectiveness of the quantitative description
of peening coverage will be proved in Section 3.

3. Comparison of Finite Element Simulation of Almen Test and Almen Test

Based on the quantitative description of peening coverage (Equation (1)), the finite element
simulation of the Almen test is carried out. Meanwhile, the Almen test is also carried out. By
comparing the results of the finite element simulation and Almen test, the effectiveness of the
quantitative description of peening coverage and the FE simulation are proved.

3.1. FE Simulation of Almen Test

The commercial finite element program, ABAQUS®, which is suitable for analyzing the non-linear
elastic-plastic deformation of metals subjected to multi-collision shot peening is introduced in this
section [29]. The explicit time integration scheme is employed to solve the equation of motion for the
shot-strip system. The element type used for the Almen strip is CPE4R (plane strain element). The
shot bolls are treated as rigid bodies as their hardness is much greater than that of the strip.

3.1.1. Boundary Conditions

Figure 2 shows the initial mesh configuration and boundary conditions of the Almen strip when
the modified strip holder [27] is employed, with which the boundary conditions can be greatly
simplified. Traction free boundary condition is given to the surface of the Almen strip where shot balls
are impacted, so is the opposite side of the Almen strip. U1 and U2 denote the displacement toward
x-direction and y-direction, respectively. UR1, UR2, and UR3 stand for the rotation of the Almen strip
on its x-direction and y-direction, and z-direction.
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Figure 2. (a) Boundary condition of the Almen strip when a modified Almen strip holder is used; (b)
Enlarged meshes at a part.

Enlarged meshes at a part are shown in Figure 2b. Since elastic-plastic deformation during shot
peening remains in the thin layer of the Almen strip where shots are bombarding, the dense mesh is
assigned in the thin layer zone and the coarse mesh is made in the middle zone of the Almen strip.
Transition mesh is built between two zones.

During shot peening to avoid the stresses in the Almen strip oscillating around a mean value, the
coefficient of material damping ξ = 0.5 is chosen [30]. The friction force of the relative motion of the
shots and Almen strip surface is assumed to obey Coulomb’s law. Meo and Frija [31,32] reported that
the effect of the Coulomb friction coefficient on the residual stress and plastic strain is insignificant if it
is in the range of 0.1–0.5. Coulomb friction coefficient µ = 0.2 is used in this study. The temperature
variation raised by impacting is neglected.

3.1.2. Material Model

In the previous studies [16,33–35], strain rate dependency of the Almen strip on the deformation
behavior was assumed negligible even though high strain rates were engaged in the Almen strip
during shot peening. However, the strain rate will have effects on the deformation profile, i.e. arc
height, of the Almen strip. Hence constitutive equation which relates stress and strain to the current
conditions of strain rate is necessary to describe the deformation behavior of the Almen strip under
shot peening. In this study, the Johnson-Cook model is used for high strain rate deformation.

σ =
[
A + B(ε)n

]1 + C ln


.
ε
.
ε0


[1− ( T − T0

Tm − T

)m]
(3)

A, B, C, m and n are material constants to be determined from deformation tests.
.
ε0 and T0 are

reference values of strain rate and temperature, respectively.
.
ε and T is the strain rate and temperature,

respectively. Tm is the melting temperature of the material.
The material parameters of the Johnson-Cook model used in this study were taken from the

literature [16]. Figure 3 shows the strain rate dependent flow stress behavior of the Almen strip used
in FE simulation.
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3.1.3. Mesh Size

In finite element simulation of shot peening, the most challenging aspect is the evaluation of mesh
size. In general, much finer elements have been preferred in the impacting area and coarser elements
made in the area far from the impacting region. Since the size of the smallest element in explicit FE
simulation determines run time, we cannot reduce thoughtlessly the element size. There are several
studies [36–38] that assess the mesh size in FE simulation of the multiple impacts in terms of dimple
(dent or indentation) diameter. The deformation of the mesh caused by the impact of shots is shown in
Figure 4. The legend is the equivalent plastic strain (PEEQ) around the deformation area.
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Figure 4. Schematic of dimple (dent or indentation) diameter on the Almen strip by a single shot.

Zimmerman et al. [35] chose an element size equal to 1/15th of dimple diameter produced by a
single shot impact. The dimple diameter indicates the magnitude of the concave surface due to the
single shot impact. Klemenza et al. [24] selected the size of elements that equals 1/10th of dimple
diameter. In the Bagherifard et al.’s [37] works, to predict the generation of a nanostructure surface
layer of material, the element size in the impact zone was selected to be 1/20th of dimple diameter.
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In this study, where 2-D multiple impacts simulation is performed, the size of elements in the
impact zone is chosen to be 0.02 mm, which is about 1/6th of dimple diameter.

3.1.4. Impact Sequence and Position

With the quantitative description of peening coverage, the impact sequence and position of shots
for FE simulation could be determined. Figure 5 shows the schematic of the impact sequence and
position in 1 impact cycle. The impact cycle is repeated to simulate 6 layers impacting irregularly on
the Almen strip surface. In each layer, the distance between the two shots is 0.6 mm. To study the
influence of high peening coverage on Almen intensity and RCS, higher peening coverage could be
got by increasing the number of impact cycles. In the Almen strip test, impact velocity is 25, 30, and
35 m/s, respectively, dent size is 0.125, 0.14, and 0.16 mm in FE simulation.
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3.2. Almen Test

An air-compression type shot peening equipment is developed for this research. A cut wire
round shot S230 (Diameter = 0.6 mm) is used for the shot materials in the Almen test. Mass flow
rates of shots are approximately 2.5 kg/min. This equipment can propel shots with sizes up to 1/16
inch in diameter. The desired impact velocities are obtained by adjusting the air pressure and impact
distance. A high-speed camera (Motion Xtra HG-LE, Redlake (USA)) is employed to measure the
impact velocity (Figure 6). A number of frames used for measuring the impact velocity are 10,000 fps.
When air pressure is 0.3, 0.5, 0.7 MPa, the impact velocity measured is 25, 30, and 35 m/s respectively.
The distance from the nozzle to the surface of the Almen strip is 100 mm and the impact angle is 90◦,
which is typical for shot peening tests.
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camera is employed to measure the impact velocity, (b) measure the distance between the two balls to
get the impact velocity.

SAE 1070 type-A Almen strip has been used [39]. The dimensions of the Almen strips are 76.2
(±0.38 mm) in length, 18.9mm (±0.064 mm) in width and 1.3 mm (±0.025 mm) in thickness. The
material propert is listed of SAE 1070 steel in Table 1.

Table 1. Mechanical properties of SAE 1070 steel.

Property Value

Density 7800 kg/m3

Poisson’s Ratio 0.29
Young’s Modulus 205 GPa

Yield Strength 1268 MPa
Ultimate Strength 1422 MPa

Elongation 8.2%

In Almen test, the peening coverage of the Almen test is obtained by observation. Before peening,
a penning area of the Almen strip surface is coated. After peening, the peened surfaces are observed
with 10× to 30×magnification to verify the required level of peening coverage. Viewing the coating
surfaces to determine the area of tracer removal, the all tracer of the Almen strip surface is removed
at 5 s when the peening coverage reaches 100%. As the impact time is 10 s, the peening coverage is
considered as 200%.

3.3. Comparison of Results of FE Simulation and Almen Test

The effectiveness of the quantitative description of peening coverage and the FE simulation is
proved by comparing the Almen strip’s deflection profile of the Almen test and FE simulation.

In the Almen test and FE simulation, the impact velocities are both 25, 30, and 35 m/s. In the
Almen test, peening coverage reaches 100% when the impact time is 5 s, while in the FE simulation,
the peening coverage is also 100%. The Almen strip deflection in the Almen test and FE simulation is
shown in Figure 7.
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Figure 7. Variations of the Almen strip deflection profile at different impact velocities. (a) with impact
velocity 25 m/s, (b) with impact velocity of 30 m/s, (c) with impact velocity of 35 m/s.

In Figure 7, The red dot points mark the data of the Almen test, while the blue line represents the
result of the FE simulation. The simulation results agree well with that of the Almen test. Only small
deviation arises near the center of the Almen strip, which may be due to the measurement error of the
Almen test. The accuracy of arc height is very high at the center of the Almen strip.

The arc height (maximum value of the deflection) of the Almen strip is measured in the Almen
test with different impact velocity of 25, 30, and 35 m/s, and the same impact velocity is used in the FE
simulation, respectively. In Almen test the impact time is 5,10,20 and 40 s, the corresponding peening
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coverage is 100%, 200%, 400%, 800% respectively. The saturation curve of arc height in the Almen test
and FE simulation is shown in Figure 8.Appl. Sci. 2019, 9, x FOR PEER REVIEW 10 of 16 
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Figure 8. Variations of the saturation curves of the arc height at different impact velocities.

In Figure 8, the red dot points mark the arc height in the Almen test, while the blue line represents
the arc height in the FE simulation. With the increase of peening coverage, the arc height both increases
and then gradually saturate in Almen test and FE simulation. At the impact velocity of 30 m/s, the
results of the arc height of the Almen test agree with that of FE simulation best, while at the impact
velocity of 25 and 35 m/s, the simulation results basically agree with the Almen test results.
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In all, with different conditions, the results of the Almen test and FE simulation are in good
agreement, which indicates that the quantitative description of peening coverage and the FE simulation
is effective.

4. Analysis of the Influence of High Peening Coverage on Almen Intensity and RCS

4.1. Influence of High Peening Coverage on Almen Intensity

In this section, the influence of the high peening coverage on the Almen intensity with three
different dent sizes is studied.

The peening coverage increases from 200% to 800%. The dent size of three cases is 0.125, 0.14,
and 0.16 mm. With three dent sizes, the variation of the Almen intensity with the peening coverage is
shown in Figure 9, respectively. Figure 9a shown the variation of the Almen intensity at 0.125mm of
dent size. Figure 9b,c shows the dent size at 0.14 and 0.16mm, respectively.
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Figure 9. Variations of the Almen intensity with various peening coverage at different dent size. (a)
0.125mm, (b) 0.14mm, (c) 0.16mm.

From Figure 9, firstly, with dent size of 0.125, 0.14, and 0.16 mm, the FE simulation results agree
well with that of the Almen test. Secondly, with dent size of 0.125, 0.14, and 0.16 mm, the Almen
intensity all increases firstly and then decreases as the peening coverage increases, there is a maximum
value of Almen intensity. In other words, it’s not that the higher the peening coverage, the higher the
Almen intensity, which is an important reference for the shot peening process in industry. The reason
for the decrease of the Almen intensity with the peening coverage increasing might be the residual
stress relaxation of the Almen strip surface.

4.2. Influence of High Peening Coverage on RCS

In this section, as the RCS at different depth is difficult to obtain in the Almen test, the distribution
of residual compressive stress (RCS) at different depth with the increase of peening coverage is analyzed
in FE simulation. Negative value of the RCS represents compression.

The peening coverage is 100%, 200%, 400% and 800%. The dent size of three cases is 0.125, 0.14,
and 0.16 mm. With three dent sizes, the distribution of the RCS at different depth is shown in Figure 10
respectively. Figure 10a shown distribution of the RCS at 0.125mm of dent size. Figure 10b,c shows the
dent size at 0.14 and 0.16mm, respectively.
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Figure 10. Residual compressive stress profiles for different impact velocity and peening coverage. (a)
0.125 mm, (b) 0.14 mm, (c) 0.16 mm.

From Figure 10, firstly, with dent size of 0.125, 0.14, and 0.16 mm, the absolute value of RCS firstly
increases and then decreases with the depth increasing, there is a maximum absolute value of RCS
around the depth of 0.02 mm. Secondly, with dent size of 0.125, 0.14, and 0.16 mm, at certain depth,
the absolute value of RCS does not always increase with the peening coverage increasing.

With dent size of 0.125, 0.14, and 0.16 mm, a more detailed analysis of peening coverage and RCS
is shown in Figure 11. Surface RCS is the RCS of the Almen strip surface, while the maximum RCS
is the minimum value of RCS at different depth as the value of RCS is negative. Figure 11a shows
the relation of the surface RCS and the peening coverage, while Figure 11b shows the relation of the
maximum RCS and the peening coverage.
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From Figure 11, firstly, with dent size of 0.125, 0.14, and 0.16 mm, the absolute value of surface
RCS and maximum RCS all increase firstly and then decrease as the peening coverage increases, there
is a maximum absolute value of surface RCS and maximum RCS. Secondly, with certain peening
coverage, the absolute value of surface RCS and maximum RCS increases as dent size increases.

5. Conclusions

To determine the influence of high peening coverage on Almen intensity and RCS, a quantitative
description of the peening coverage has been developed in this paper firstly. Based on the quantitative
description, the finite element simulation of the Almen test and Almen test are carried out. The
following conclusions can be drawn:

1. With the same peening coverage, arc height of FE simulation and Almen test agrees well, which
indicates that the quantitative description of peening coverage and the FE simulation is effective.

2. With dent size of 0.125, 0.14, and 0.16 mm, the Almen intensity all increases firstly and then
decreases with the peening coverage increasing, there is a maximum value of Almen intensity,
which is very important for shot peening process.

3. With dent size of 0.125, 0.14, and 0.16 mm, there is a maximum absolute value of surface RCS and
maximum RCS with the peening coverage increasing. With certain peening coverage, the surface
RCS and maximum RCS increases as dent size increases.

Before this study, it is difficult to predicate the influence of high peening coverage on the Almen
intensity and RCS well. This study can supply an effective method to solve this problem.
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